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Lipid bilayerBacterial resistance to conventional antibiotics is a major challenge in controlling infectious diseases and has
necessitated the development of novel approaches in antimicrobial therapy. One such approach is the use of
antimicrobial peptides, such as the bacterially produced bacteriocins. Carnocyclin A (CclA) is a 60-amino acid
circular bacteriocin produced by Carnobacterium maltaromaticum UAL307 that exhibits potent activity
against many Gram-positive bacteria. Lipid bilayer and single channel recording techniques were applied to
study the molecular mechanisms by which CclA interacts with the lipid membrane and exerts its
antimicrobial effects. Here we show that CclA can form ion channels with a conductance of 35 pS in 150 mM
NaCl solution. This channel displays a linear current–voltage relationship, is anion-selective, and its
activation is strongly voltage-dependent. The formation of ion channels by CclA is driven by the presence of a
negative membrane potential and may result in dissipation of membrane potential. Carnocyclin A's unique
functional activities as well as its circular structure make it a potential candidate for developing novel
antimicrobial drugs.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Antimicrobial peptides have been regarded as one of the most
promising new approaches in the ongoing battle against bacterial
resistance [1]. Bacteriocins are ribosomally synthesized antimicrobial
peptides that are produced by bacteria to inhibit growth of other
closely related bacterial strains. They exhibit activity at much lower
concentrations than conventional antibiotics and target virulent
strains of Staphylococcus and Enterococci, as well as serious food-
pathogens such as Listeria and Clostridia [2]. Bacteriocins produced by
lactic acid bacteria (LAB) have received considerable attention due to
their potent bactericidal activity and non-toxicity toward human cells
[3]. Although their primary function is antimicrobial, new studies
suggest that some bacteriocins display a wide range of activities,
including synergistic interactionswith the human immune system [1].
Bacteriocins from LAB are typically divided into three classes [4,5].
Lantibiotics (class I) are posttranslationally modiﬁed peptides that
contain the unusual amino acid lanthionine or β-methyl-lanthionine.
The class II bacteriocins are small (b10 kDa), unmodiﬁed, heat stable
peptides that do not contain lanthionine (non-lantibiotics). This class
has been further divided into four subgroups: IIa (pediocin-like
bacteriocins); IIb (two-peptide bacteriocins); IIc (circular bacteriocins);othiocyanatostilbene-2,2′-dis-
yk).
l rights reserved.and IId (class II bacteriocins that do not belong to the other subgroups)
[6]. Class III contains large heat labile proteins (N30 kDa) [4,5,7].
Recently, it has been suggested that the type IIc circular bacteriocins
should comprise a new class of bacteriocins (class IV) since these
peptides must undergo unique posttranslational modiﬁcations in order
to cyclize their N- and C-termini [8,9]. This additional bond is thought to
enhance the thermodynamic stability and structural integrity of the
peptide, both of which are important properties in enhancing its
biological activity in vivo. This uniqueness makes circular bacteriocins
potential candidates for developing novel antimicrobial drugs.
The critical step in the antimicrobial action of many bacteriocins is
permeabilization of the bacterial cytoplasmic membrane, which
ultimately leads to cell death [10]. The driving force for this interaction
is the electrostatic attraction between the cationic bacteriocin and the
anionic lipids of bacterial membranes, whereas the hydrophobicity of
the peptide is essential for membrane insertion [11]. Many bacter-
iocins induce leakage of ions, amino acids, and other low molecule
weight molecules from target cells causing dissipation of the cell's
membrane potential [12]. This in turn leads to the disruption of the
mitochondrial protonmotive force and rapid depletion of intracellular
ATP in target bacteria [12,13]. Other mechanisms by which bacter-
iocins, such as the colicins from Gram-negative organisms, exert their
effects, include degradation of DNA or RNA, and interference with
protein synthesis [14].
Recently, our group has identiﬁed a new circular bacteriocin from
Carnobacterium maltaromaticum UAL307, called Carnocyclin A (CclA),
which exhibits potent activity against a number of Gram-positive
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cus aureus [15]. In this study, we investigate themechanism of action of
CclA by reconstituting the peptide into lipid bilayers and studying its
effects on lipid bilayer conductance. Our results indicate that CclA can
interact directly with the lipid bilayer without the mediation of other
surface receptors or proteins, and the probability of observing a channel
activity is voltage-dependent. The channels formed by CclA have a linear
current–voltage relationship and their gating is voltage-independent.
2. Materials and methods
2.1. Materials
Synthetic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased
from Avanti Polar Lipids (Alabaster, USA). Unless stated otherwise, all
other chemicals were from Sigma-Aldrich (USA).
2.2. Isolation and puriﬁcation of CclA
Carnocyclin A was obtained as described previously [15]. Brieﬂy, C.
maltaromaticum UAL307 was cultured for ∼20 h at room temperature
in all-purpose Tween (APT) broth (Difco; BectonDickinson). Following
centrifugation, the bacteriocin was isolated from the supernatant via
hydrophobic interaction chromatography, using Amberlite XAD-16
and Varian Bond-Elut C18 resins. The peptide was further puriﬁed by
RP-HPLC, using a C8 column, and then concentrated, lyophilized, and
stored at−20 °C.
2.3. Planar lipid bilayer and liposome preparation
Bilayer membranes were prepared as described previously [16].
Brieﬂy, bilayer membranes were formed on a 150 μm septum of a
bilayer cuvette (WPI, Sarasota, USA) with a working volume of 1 ml inFig. 1. CclA forms ion channels in the lipid bilayer. Current traces were recorded under sym
ﬁgures indicate the channel closed state. Voltages are deﬁned with respect to the trans ch
bilayer from the cis to the trans chamber, are shown as upward deﬂections. (C) I–V relationsh
were ﬁtted to the data using a linear regression. Values are means±S.D. (n=5). (D) The a
symmetrical 0.5 M NaCl solutions.both the cis (recording electrode) and trans (reference electrode)
chambers. A lipid cocktail of POPE: POPS: POPC (5:3:2, v/v/v) at a lipid
concentration of 50 mg/ml was dissolved in chloroform. The mixture
was dried under a stream of nitrogen and resuspended in decane
(50 mg/ml). The painting method was used to form the lipid bilayer
over the aperture of the septum. CclA liposomes were prepared by
dissolving 100 μg of peptide in 1 ml of ethanol and then added to lipid
DMPC, in a molar ratio of 1:30 peptide:DMPC. The organic solvent was
evaporated and dried under a stream of nitrogen gas to form a thin and
even lipid cake. The resulting ﬁlm was hydrated with 1 ml of high salt
buffer (0.5 M NaCl, 10 mM HEPES, pH 7.4). The suspension was
subjected to 5 min of vigorous vortexing in order to obtain large,
multilamellar vesicles. These vesicles were then sonicated in a water
bath in the presence of ice to prevent over-heating for about 15 min.
This procedure yielded small vesicles whichwere used for experiments.
2.4. Ion channel recording
After formation of the bilayer, 3 μl of the CclA liposome was added
to the cis chamber with continuous stirring to facilitate the insertion
of the liposome into the planar lipid bilayer. Stirring was terminated
when channel activity was detected. Electrical currents were recorded
with an Axopatch 200A ampliﬁer (Axon Instruments) in capacitive
feedback conﬁguration, with Ag/AgCl electrodes linked via agar salt
bridges (2% of Agarose in 1 M NaCl). The trans chamber was set as
reference (0 mV). Data were ﬁltered at 50 Hz with a built-in ﬁlter and
an analogue output signal was digitized at a sampling rate of 1 kHz
using an A/D converter (Digidata 1322A, Axon Instruments). Data
processing was performed with pClamp 9.2 software (Axon Instru-
ments). Single channel conductance was calculated from the
corresponding Gaussian ﬁts, using Sigma Plot 9.0 software (Systat
Software, Inc.), to current histograms by using data from segments of
continuous recordings lasting longer than 10 s. Openings shorter than
0.5 ms were ignored. To avoid electrostatic interference during
recording, the recording cells were placed in a Faraday cage set on a
mechanically isolated table to obtain low noise recording of singlemetrical NaCl conditions (A) 150 mM, (B) 0.5 M. Dotted lines, in this and subsequent
amber, which was held at virtual ground potential. Currents ﬂowing through the lipid
ips (▲ 150 mM NaCl,● 0.5 M NaCl) of CclA channels shown in panels A and B. The lines
verage CclA open channel probabilities (n=3) calculated from recordings obtained in
1799X. Gong et al. / Biochimica et Biophysica Acta 1788 (2009) 1797–1803channel currents. All data were recorded at room temperature. Given
voltages have been corrected for calculated liquid junction potential
using pClamp 9.2 software (Axon Instruments).
Single channel experiments were carried out under symmetric or
asymmetric ionic conditions. Under symmetric conditions, both the cis
and trans chambers contained 0.5MNaCl,10mMHEPES, pH 7.4. Under
asymmetric conditions, 0.5 M NaCl in the trans chamber was replaced
by either 0.5 M choline chloride, 0.5 M KCl, or by 0.5 M sodium
gluconate. The relative channel permeability was calculated according
to the Goldman–Hodgkin–Katz (GHK) voltage equation [17]:
Erev =
RT
zF
ln
PNa Na½ o + PCl Cl½ i + PGlu Glu½ i
PNa Na½ i + PCl Cl½ o + PGlu Glu½ o
ð1Þ
where Erev is the reversal (zero-current) potential, Px is the channel
permeability for ion x, [X]y is the concentration of ion x in the chamber
y, z is the valence, F is the Faraday constant (9.648×104 C/mol), R is
the gas constant (8.314 J/K mol) and T is the temperature (294.5 K).
Under biionic conditions, i.e. when only one permeant ion is present
on each side of the membrane and both ions have the same valence z,
the Eq. (1) is reduced to:
Erev =
RT
zF
ln
PCl Cl½ i
PGlu Glu½ o
: ð2ÞFig. 2. CclA channels are anion selective. Current traces obtained under asymmetrical condit
chloride; (C) and (D) 0.5 M NaCl and 0.5 M sodium gluconate; (E) and (F) 150 mMNaCl and
order polynomial function to the experimental data. Values are means±S.D. (n=3–5).2.5. Statistical analysis
Results are presented as means±S.D.; n refers to the number
of experiments. The student's t test was used to compare the
means of two groups, and Pb0.05 was considered statistically
signiﬁcant.
3. Results
3.1. Carnocyclin A forms ion channels in lipid bilayers
Carnocyclin A, when added to one or both sides of the
membrane, produced ﬂuctuations in membrane conductance after
a contact time of between 20 s and 40 min. However, the channel
forming abilities of CclA added only to one side were voltage-
dependent. When CclA was added to the cis chamber, channel
activity could only be seen after application of a positive membrane
potential (40 to 100 mV). In contrast, when the peptide was added
to the trans chamber, a negative membrane potential (−40 to
−100 mV) was required to observe channel activity. Fig. 1 shows
sample recordings of CclA channel activity in 150 mM and 0.5 M
NaCl solutions. Current ﬂuctuations could be easily resolved into
step-like changes. The risetime of the single step was very fast and
the conductance rise was always smooth without any indication ofions and the corresponding I–V relationships: (A) and (B) 0.5 M NaCl and 0.5 M choline
15 mMNaCl; in cis and trans chambers, respectively. The lines were drawn by ﬁtting 2nd
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relationships of the channels shown in panels A and B. The single
channel conductance of CclA was virtually constant over the voltage
range of−80 mV to 80 mV, and was equal to 35.1±4.2 pS (n=3) in
symmetrical 150 mM NaCl, and 123.5±15.6 pS (n=5) in 500 mM
NaCl. The average channel open probability was 0.93±0.04, and did
not change signiﬁcantly with voltage (Fig. 1D), indicating voltage-
independent channel gating. Control experiments were performed to
conﬁrm that the channel activity is speciﬁc to CclA. When liposomes
without CclA were added to the bilayer, no ion channel activity was
observed (data not shown).
3.2. Carnocyclin A channels are anion selective
In subsequent studies we investigated the possible physiological
relevance of CclA channels by examining their ionic selectivity. To
determine whether these channels were cation or anion selective,
0.5 M NaCl was replaced by choline chloride in the trans chamber. The
resulting single channel conductance was equal to 117.2±17.9 pS (Fig.
2A, B), a value not signiﬁcantly different from the conductance in
symmetrical NaCl solution (n=5, PN0.05). Similar results were
obtained when Na+ ions in the trans chamber were replaced by K+
ions (119.5±23.5 pS; the reversal potential 0.5±0.9 mV, n=5).
However, replacement of 0.5 M NaCl with sodium gluconate in theFig. 3. Effects of chloride channel blockers on the CclA channel. Current traces at−100 mV an
are indicated by an arrow. Panels B, D and F show corresponding I–V relationships in the abse
D. from 3–5 experiments. Insets in panel E show the effect of DIDS (1 mM) on channel gatitrans chamber reduced current at positive voltages (Fig. 2C) and
caused signiﬁcant rectiﬁcation of the current–voltage relationship
(Fig. 2D). The permeability ratio of chloride to gluconate (PCl/
PGlu=22.54) was determined using Eq. (2), based on the reversal
potential of 79.2 mV. In another study we used non-symmetrical
NaCl solutions (cis chamber 150 mM NaCl, trans chamber 15 mM
NaCl and 270 mM mannitol to balance osmolarity) to investigate
the relative permeability of PNa/PCl (Fig. 2E, F). The PNa/PCl ratio
was determined using the Eq. (1) and was equal to 0.0036
(Erev=51.0 mV). Thus, channels formed by CclA are permeable to
chloride ions but not to cations or large gluconate anions.
3.3. The effect of anion channel blockers on CclA activity
The effects of three frequently used chloride channel blockers, KAu
(CN)2, glybenclamide, and 4,4′-diisothiocyanatostilbene-2,2′-disulfo-
nic acid (DIDS), on the CclA channel activity were investigated. Fig. 3A,
B shows that the addition of 2 mM Au(CN)2− (a concentration known
to block CFTR Cl− channels with IC50 of 100 μM at−100mV [18]), was
unable to inhibit CclA channel activity at the range of membrane
potentials tested. Similarly, glybenclamide (1 mM) did not signiﬁ-
cantly affect the CclA channels (Fig. 3C, D). After addition of DIDS
(1 mM) to the cis chamber, the channel entered a state of rapid
ﬂickering between the open and closed state (Fig. 3E). DIDS reducedd 100mV are displayed in panels A, C and E. Addition of channel blockers (cis chamber)
nce (ﬁlled circles) and presence (solid circles) of channel blockers. Values aremeans±S.
ng on the expanded time scale.
Fig. 4. The effect of membrane potential on the CclA channel activity. (A) Currents were recorded under asymmetrical conditions (0.5 M NaCl and 0.5 M sodium gluconate in cis and
trans chambers, respectively). The holding potential was initially−100 mV and then switched to 0 mV. The expanded current traces at−100 mV and 0 mV are shown in panels (B)
and (C), respectively.
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(−100 to −60 mV), and to 0.71±0.04 at positive voltages (60 to
100 mV). The single channel conductance was not signiﬁcantly
affected (Fig. 3F).
3.4. The effect of membrane potential on CclA channel activity
The number of active CclA channels was dependent on the
membrane potential (Fig. 4). When the membrane was held at
−100 mV, the number of active channels gradually increased. After
40 s, up to 16 individual channels could be identiﬁed (Fig. 4B). When
the membrane potential was switched to 0 mV, the number of open
channels gradually decreased, at approximately the same rate as their
initial formation (Fig. 4C).
4. Discussion
The measurement of channel conductance in planar lipid bilayers
provides a sensitive tool to investigate channel formation by
antimicrobial peptides [19]. In this study we show that the circularbacteriocin CclA can form anion-selective ion channels in lipid
bilayers. The channels formed by CclA have a conductance of
∼120 pS in 0.5 M NaCl, and their activity is sensitive to DIDS.
The ability of CclA to render the lipid bilayer permeable to ionsmay
help to explain its bactericidal action against sensitive microorgan-
isms. Our results suggest that the interaction between CclA and the
cytoplasmic membrane may not be receptor mediated, as CclA is able
to interact directly with the lipid bilayer. This does not negate the
possibility of a cell receptor for CclA, but rather, may be indicative of a
dual mode of action. For example, the lantibiotic nisin has been found
to cause pore formation in sensitive cells, but also binds to lipid II, a
bacterial cell wall precursor. This dual mode of action enhances the
potency of nisin [6]. In contrast, the two-peptide bacteriocin
lactococcin G is only active against intact cells, and does not form
ion channels in lipid bilayers, indicating that factors such as cell wall
components are required for pore formation [20].
Among the circular bacteriocins produced by Gram-positive
organisms, enterocin AS-48 is by far the most extensively character-
ized [8]. AS-48 consists of a globular arrangement of ﬁve α-helices
enclosing a hydrophobic core [21,22]. Functional studies of AS-48
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18 pS in 100 mM NaCl, and the mean open time of a few seconds.
These channels were reported to be non-selective, allowing for the
free diffusion of potassium ions and other small solutes. Moreover,
channel formation and activation occurred in a voltage-independent
manner [23]. Structural studies have been performed to explain the
voltage-independent channel formation by AS-48. At physiological
pH, AS-48 exists as a hydrosoluble dimer. Upon interaction with the
cytoplasmic membrane, this dimer undergoes a conformational
change, ultimately exposing a greater number of hydrophobic
residues and facilitating insertion into the membrane [22]. Once in
this membrane-bound state, it is thought that AS-48 promotes pore
formation by a mechanism known as “molecular electroporation”
[21,24]. Molecular electroporation can occur when a binding peptide
carries a sufﬁcient charge density to provide an electrostatic potential
of at least 0.2 V across the bilayer [24]. It has been shown that such
conditions are met in case of AS-48 as the membrane-bound peptide
forces an accumulation of positive charge at the surface of the
membrane [21,22].
While CclA shares many similarities with AS-48, such as its circular
architecture, physical properties, and broad antimicrobial activity [15],
our studies reveal signiﬁcant differences between these two bacter-
iocins. In contrast to AS-48, CclA forms anion-selective channels,
unlike the non-selective pores formed by AS-48, and the CclA
channels are highly stable and remain in the open state for several
minutes. Furthermore, we have found that the interaction of CclAwith
the lipid bilayer and subsequent channel activation, are strongly
voltage-dependent, unlike the channels formed by AS-48. However, it
is important to notice that although the probability of observing
channel activity was voltage-dependent, the channel open probability
was voltage-independent, indicating that voltage does not affect the
channel gating. This last ﬁnding may reveal important insights into
the mechanism by which CclA channel formation and activation
proceeds.
Since the magnitude and distribution of positive charge in CclA is
similar to AS-48 [15], it could be expected that the conditions required
for molecular electroporation are also met in the case of pore
formation by CclA. However, the voltage-dependent nature of the
CclA channel activation suggests that a mechanism other than
molecular electroporation may be involved for pore formation. We
observed that a negative potential in the cis compartment was
required for channel formation by CclA peptides added to the trans
side, corresponding to a negatively charged interior of the bacterial
cell. Thus, when added to the trans side, CclA binds to the lipid surface
and transverses the membrane in a Δψ (cis side negative) stimulated
manner. This hypothesis is indirectly supported by the effect of DIDS
on channel activity. A blocking effect was only observed when DIDS
was added to the cis side. DIDS is known to act as an open channel
blocker where the binding of a single molecule occludes the channel
[25]. The block is due to the covalent bonds that form between
isothiocyanate groups of DIDS and a variety of amino acid side chains,
such as the amino groups of lysine, hydroxyl groups of serine and thiol
groups of cysteine [25,26]. Blockage of CclA channels by DIDS occurred
in a voltage-dependent manner: inhibition was stronger at positive
potentials. This voltage-dependent block provides additional evidence
suggesting that the DIDS binding site lies within the pore electric ﬁeld.
Thus, our studies reveal unique differences between the channels
formed by CclA and AS-48. In both cases, it is likely that pore
formation occurs by molecular electroporation. However, the selec-
tivity and activity of the CclA channels are signiﬁcantly different than
those created by AS-48. The anion-selective channels formed by CclA
are strongly voltage-dependent and were completely inactivated
upon membrane depolarization. It is currently not known if CclA was
extruded from the membrane during this inactivation, or if the
channels underwent a conformational change to assume a closed
state. Taken together, our results suggest that CclA appears to act as ananion channel according to the following mechanism. After approach-
ing the surface of a bacterial cell, due to electrostatic interactions, the
bacteriocin is exposed to the highly negative membrane potential of
the bacterial cell (−100 mV) [17]. At this potential difference, CclA
creates anion-selective pores across the membrane and channel
activation occurs. As anions ﬂow through the channel, depolarization
occurs, leading to the inactivation of the CclA channel.
In summary, our results reveal that CclA can form ion channels in
lipid membranes that are anion selective. The discovery that CclA
forms channels that are highly selective for chloride may have
important implication for cystic ﬁbrosis (CF) therapy. The apical
membrane of epithelial cells in CF patients is impermeable to chloride
because of the mutation(s) in the CFTR chloride channel. Thus,
channels formed by CclA could provide an alternative pathway to
CFTR for chloride secretion. At the same time, the antimicrobial
activity of CclA against Gram-positive pathogens, such as S. aureus,
could help combat the perpetual inﬂammation that plagues CF
patients. However, a number of other major challenges, such as
targeted delivery, retention in the cell membrane and the control of
channel gating, must ﬁrst be addressed before such therapy could be
attempted.Acknowledgements
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